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Edited by Christian GriesingerAbstract We quantiﬁed the eﬀect of Mg2+ on thiamine pyro-
phosphate (TPP) binding to TPP-dependent thiA riboswitch
RNA. The association constant of TPP binding to the riboswitch
at 20 C increased from 1.2 · 106 to 50 · 106 M1 as the Mg2+
concentration increased from 0 to 1 mM. Furthermore, circular
dichroic spectra under various conditions showed that 1 mM
Mg2+ induced a local structural change of the riboswitch, which
might be pivotal for TPP binding. These results indicate that a
physiological concentration of Mg2+ can regulate TPP binding
to the thiA riboswitch.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Novel biological functions of RNA are continually being
discovered and the scope is being expanded. For example,
ribosomal RNAs can catalyze peptide bond formation [1]
and transfer RNAs are involved in replication, intron splicing,
and translational regulation [2]. Messenger RNAs determine
the lifetime of RNAs [3] and natural as well as artiﬁcially
evolved catalytic RNAs and ribozymes can catalyze various
reactions [4,5]. Furthermore, RNAs such as aptamer [6] and
RNAi [7] serve as novel functional molecules.
The tertiary structure and stability of RNAs are essential for
their biological activities [8]. Since divalent cations such as
magnesium are important for RNA structures and functions
[9], many studies have demonstrated that Mg2+ plays dual
roles on the structure and function of RNAs. Magnesium
binding to RNA is required for its structural stability and to
facilitate the formation of an active structure [10]. Magnesium
ions often play a direct role in catalysis [11]. Thus, a quantita-
tive analysis of the roles of Mg2+ in RNA structures is critical
to understanding the functions of RNAs.Abbreviations: TPP, thiamine pyrophosphate; Ka, association constant;
5 0-UTR, 5 0-untranslated region; PCR, polymerase chain reaction;
PAGE, polyacrylamide gel electrophoresis; CD, circular dichroism;
UV, ultra violet
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comprises a group of genetic control elements located in
the 5 0-untranslated regions (5 0-UTR) of some prokaryotic
messenger RNAs [12,13]. Unlike many other genetic control
systems, riboswitches interact directly with target metabolites
without any protein factors and subsequently lead to the
modulation of gene expression. One of the general proper-
ties of riboswitches is binding to small molecules such as
thiamine pyrophosphate (TPP) following allosteric rear-
rangement of the mRNA structure that modulates gene
expression [12–14]. Breaker and coworkers [15] noted that
the binding energy for riboswitch–ligand interaction deter-
mined from in vitro assays might diﬀer from that inside
cells, where a physiological concentration of Mg2+ and other
agents aﬀect RNA structure and function. We also demon-
strated that divalent ions could induce a structural change
in nucleic acids [16,17]. Since the function of riboswitches
is regulated by structural changes, its tertiary structure
might depend on divalent metal ions as found in the func-
tional RNAs described above and should be critical. How-
ever, the eﬀect of divalent ions such as Mg2+ at
physiological concentrations on riboswitch structure remains
unknown.
We recently discovered a TPP-dependent riboswitch in the
5 0-UTR of thiA in Aspergillus oryzae that regulates the gene
expression of a putative thiazole synthase [18]. Until now, this
has been the sole functioning TPP-dependent thiA riboswitch
known in eukaryotes. The present study quantiﬁes the roles
and structural eﬀects of physiological concentrations of
Mg2+ on TPP binding to the thiA riboswitch. We found that
the thiA riboswitch has a single TPP binding site, and that
the association constant of the TPP binding to the riboswitch
at 20 C increases from 1.2 · 106 to 50 · 106 M1 with increas-
ing Mg2+ concentrations from 0 to 1 mM, indicating that TPP
binding to the riboswitch is very sensitive to the Mg2+ concen-
tration. On the other hand, high concentrations of Na+ or K+
did not induce tight TPP binding, suggesting that not only an
electrostatic interaction but also speciﬁc coordination between
Mg2+ and the riboswitch are important for TPP binding. We
also showed that the riboswitch has at least one Mg2+ binding
site, and that the estimated association constant of Mg2+ bind-
ing to the riboswitch at 20 C was 5.9 · 103 M1. These quan-
titative parameters indicated that not only metabolites but also
the surrounding conditions such as the Mg2+ concentration
plays critical roles in structural changes of the thiA riboswitch,
allowing Mg2+ under physiological conditions to control TPP
binding to the riboswitch.blished by Elsevier B.V. All rights reserved.
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2.1. DNA preparations
The 5 0-UTR of the thiA transcription template was generated from
pNGTH [18] that carries the 5 0-UTR ranging from 729 to 1 of thiA,
by polymerase chain reaction (PCR) using primers 1 (5 0-TAATAC-
GACTCACTATAGGCGTGGGCCGGTGTTCG-30) and 2 (5 0-
GGCATGATCCTTTTCGCTGG-3 0). The reaction mixture was
incubated for 3 min at 98 C and products were ampliﬁed by 30 PCR cy-
cles consistingof 10 s at 98 C, 30 s at 60 Cand 60 s at 72 C followedby
annealing at 72 C for 5 min. The ampliﬁed DNA product was puriﬁed
by electrophoresis on 3% (w/v.) SeaKem GTG agarose gels (BMA Bio-
medicals) and extracted using the QIAquick Gel Extraction Kit (QIA-
GEN) according to the manufacturers directions. The product was
conﬁrmed by DNA sequencing (ABI PRISM 310 Genetic analyzer).2.2. RNA preparation
We prepared RNA by in vitro transcription using the RiboMAX
transcription kit (Promega) according to the manufacturers instruc-
tions. The reaction mixture was incubated at 37 C for 4 h then the
DNA template was removed by digestion with DNase (Promega) for
15 min at 37 C. The reaction mixture was extracted with phenol:chlo-
roform:isoamyl alcohol (25:24:1) and then with chloroform:isoamyl
alcohol (24:1). The RNA was precipitated with isopropanol,
resuspended in deionized water, separated by denaturing 8% polyacryl-
amide gel electrophoresis (PAGE), and eluted from the gel by crush–
soaking in 10 mM Tris–HCl (pH 7.5) containing 200 mM NaCl and
1 mM EDTA. The RNA was precipitated with ethanol and resus-
pended in deionized water then the concentration was determined by
measuring the absorbance at 260 nm and by calculating the extinction
coeﬃcients from mono- and di-nucleotide data as described [19]. The
values of the estimated extinction coeﬃcients were identical to those
calculated using Oligo Calculation from the Genset Corp (http://
www.gensetoligos.com).2.3. Titration experiments using CD spectra
All experimental manipulations proceeded at 20 C and values were
measured from 300 to 220 nm in cuvettes with a 1 cm path length. TPP
was titrated against 0.2 lM RNA in 50 mM Tris–HCl (pH 7.0) con-
taining various concentrations of NaCl or KCl, and of MgCl2 or
CaCl2. Magnesium chloride was titrated against 0.2 lM RNA in
50 mM Tris–HCl (pH 7.0) containing 10 mM NaCl and MgCl2 con-
centrations ranging from 0 to 1.0 mM. Before the circular dichroism
(CD) spectra were recorded using a Jasco J-820 spectropolarimeter,
RNA samples were incubated at 50 C for 3 min, cooled and incubated
at 20 C for 30 min, then various concentrations of MgCl2 were added,
and the mixture was incubated at 20 C for 30 min.Fig. 1. (A) Sequence alignment of TPP-dependent thiA and thiM riboswitche
loop. Sequences that form stems are shown in bold letters labeled P1, P2, P4
omitted for clarity. (B) Proposed secondary structure of the TPP-dependent2.4. Native PAGE
Samples of RNA (0.2 lM) in 50 mM Tris–HCl (pH 7.0) containing
10 mM NaCl were incubated at 50 C for 3 min, cooled and incubated
at 20 C for 30 min, then 1 mMMgCl2 was added, and the mixture was
incubated at 20 C for 30 min. Thereafter, RNA samples were resolved
by native 8% PAGE in 1 · TBE buﬀer at 5 C for 10 h at 5 V cm1 and
stained with GelStar Nucleic Acid Stain (Takara).
2.5. UV melting curve
The melting curves of 0.2 lM thiA riboswitch in 50 mM Tris–HCl
(pH 7.0) containing 10 mM NaCl at 0 or 1 mMMgCl2 under ultra vio-
let (UV) light were measured using a Shimazu UV-1700. The UV melt-
ing curves were traced at 260 nm from 0 to 90 C at a rate of
0.5 C min1 in cuvettes with a 1.0 cm path length.3. Results and discussion
3.1. Sequence and structure of TPP-dependent riboswitch
Fig. 1A shows the sequence of the 5 0-UTR of the thiA gene
together with that of the thiM gene. The total length of the
thiA gene was 173 nucleotides (see [18] for the full sequence
of the 5 0-UTR of thiA). The thiM gene was discovered as a
riboswitch that can regulate thiamine biosynthetic operons
triggered by TPP in Escherichia coli [15,20]. The sequences of
the riboswitches of prokaryotes and eukaryotes are highly con-
served even though the genetic control mechanisms by metab-
olite-binding mRNA diﬀer between the two life-forms [14].
Fig. 1B shows a proposed secondary structure of the thiA ribo-
switch calculated using the m-fold [21]. This secondary struc-
ture is also very similar to that of the thiM riboswitch [15].
Breaker and coworkers [15] demonstrated that the length of
the P3 region in riboswitches is not essential for controlling
gene expression. Therefore, the eﬀects of monovalent and diva-
lent cations on the thiA riboswitch in eukaryotes should also
reﬂect their eﬀects on the prokaryotic thiM riboswitch,
although the length of their P3 regions is quite diﬀerent [18].
3.2. Roles of Mg2+ on TPP binding to thiA riboswitch
Fig. 2A shows the CD spectra of the thiA riboswitch in
10 mM NaCl, 50 mM Tris–HCl (pH 7.0) containing 1 mM
MgCl2 and various concentrations of TPP at 20 C. The CDs. Arrows represent structures of stems and circle with ladder represents
, and P5. Because P3 regions are long (95 nucleotides), P3 sequence is
thiA riboswitch.
Table 1
Association constants of TPP binding to thiA riboswitch
(Ka · 106 M1) at 20 C with various concentrations of Mg2+a
Mg2+ (mM) Ka · 106 (M1)
0 1.2 ± 0.6
0.2 5.0 ± 1.7
0.5 28 ± 6.2
1.0 50 ± 34
10 50 ± 16
aAll experiments proceeded in 50 mM Tris–HCl (pH 7.0) buﬀer.
Table 2
Association constants of TPP binding to thiA riboswitch
(Ka · 106 M1) at 20 C with various concentrations of Na+ at 0 or
1 mM Mg2+a
Condition Concentration of Mg2+ (mM)
0 1.0
10 mM Na+ 1.2 ± 0.6 50 ± 34
100 mM Na+ 3.7 ± 1.4 51 ± 41
1 M Na+ 2.2 ± 2.0 29 ± 13
aAll experiments proceeded in 50 mM Tris–HCl (pH 7.0) buﬀer.
Fig. 2. (A) CD spectra of 0.2 lM thiA riboswitch in 50 mM Tris–HCl
(pH 7.0) containing 10 mM NaCl, 1 mM Mg2+ and 0–3 lM TPP(from
upper to lower at 265 nm) at 20 C. (B) CD intensity of 0.2 lM thiA
riboswitch at 265 nm in 50 mM Tris–HCl (pH 7.0) containing 10 mM
NaCl and various concentrations of TPP with (squares) or absence
(circles) of 1 mM MgCl2 at 20 C.
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negative peak around 240 nm, showing that the riboswitch
contains an RNA/RNA A-form helix [22]. The peak intensities
decreased without a peak shift by titration against TPP, indi-
cating that the CD intensity at 265 nm can estimate the equi-
librium parameters of TPP binding to the riboswitch. Fig.
2B shows the CD intensity changes at 265 nm of the thiA ribo-
switch in the presence of TPP at either 0 or 1 mM Mg2+. The
change in the CD intensity caused by the TPP titration was 4-
fold larger in the presence, than in the absence of 1 mM Mg2+,
indicating that Mg2+ is important for the structural changes in
the riboswitch induced by TPP binding. The estimated value of
the X-axis of a Scatchard plot (normalized CD intensity/[TPP]
versus normalized CD intensity) of the CD intensity change
during the TPP titration was 1. This indicated the presence
of one TPP binding site in the riboswitch (data not shown).
Therefore, the data were ﬁtted to Eq. (1) based on a model that
postulates one binding site to estimate the equilibrium param-
eters [23]:
h ¼ aðKa½RNA þ Ka½TPP þ 1 ððKa½RNA þ Ka½TPP
þ 1Þ2  4 K2a½RNA½TPPÞ1=2Þ=2Ka½RNA þ b; ð1Þ
where a is the scale factor, b is the initial CD value and Ka is
the apparent association constant for TPP binding. The Ka va-lue with 1 mM Mg2+ ((50 ± 34) · 106 M1) was about 40-fold
higher than that without Mg2+ ((1.2 ± 0.6) · 106 M1) at
20 C, indicating that TPP binding to the thiA riboswitch de-
pends on the Mg2+ concentration. We further examined the
dependence of TPP binding on the Mg2+ concentration. Table
1 shows the Ka values with various concentrations of Mg
2+ in
the presence of 10 mM Na+ at 20 C. The Ka increased with
increasing Mg2+ concentration and was almost saturated at
1 mMMg2+, demonstrating that a physiological concentration
of Mg2+ (around sub- or one millimolar) is suﬃcient for TPP
binding. Generally, Mg2+ binding to RNA is required for the
structural stability of RNAs, facilitating the formation of ac-
tive structures [24]. Furthermore, the binding constant of a
metabolite that binds to a guanine-dependent riboswitch in-
creases with increasing Mg2+ concentration [25]. These results
combined with the quantitative parameters determined in the
present study, suggest that Mg2+ can control metabolite bind-
ing to riboswitches.
Since sodium alone can sometimes stabilize speciﬁc subdo-
mains and induce the activity of RNA [26,27], we examined
the eﬀect of high concentrations of Na+ on TPP binding to
the thiA riboswitch. The estimated Ka values for TPP binding
to the thiA riboswitch in 50 mM Tris–HCl (pH 7.0) containing
10, 100, or 1000 mM NaCl in the absence of Mg2+ were
(1.2 ± 0.6) · 106, (3.7 ± 1.4) · 106, (2.2 ± 2.0) · 106 M1,
respectively, at 20 C (Table 2). The Na+ concentration did
not aﬀect TPP binding in this range, suggesting that even a
high sodium salt concentration cannot induce the active struc-
ture of the thiA riboswitch that is required for tight TPP bind-
ing. The Ka values of TPP binding in the presence of 10, 100 or
1000 mM Na+ and 1 mM Mg2+ were almost identical within
the error range (Table 2), indicating that the tight TPP binding
induced by Mg2+ binding to the riboswitch was not signiﬁ-
cantly inhibited by high concentrations of Na+. Because
Ca2+ and K+ can aﬀect tertiary RNA structures [28,29], we fur-
ther examined the eﬀects of these ions on TPP binding to the
thiA riboswitch to determine the importance of the Mg2+ for
the tight TPP binding. The estimated Ka value of TPP binding
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1.0 mM Ca2+ was (1.7 ± 0.6) · 106 M1 at 20 C, which was
similar to that in the absence of divalent ions. Unlike 1 mM
Mg2+ (Table 1), 1 mM Ca2+ apparently cannot induce the ac-
tive structure of the thiA riboswitch that is required for tight
TPP binding. In addition, the Ka values for TPP binding to
the thiA riboswitch in 50 mM Tris–HCl (pH 7.0) containing
10, 100, or 1000 mM KCl at 20 C were (3.2 ± 1.6) · 106,
(1.3 ± 0.6) · 106, (1.7 ± 0.7) · 106, respectively; suggesting that
a high concentration of potassium salt, like that of sodium,
cannot induce the active structure of the thiA riboswitch.
These results suggest that speciﬁc Mg2+ binding is pivotal for
TPP binding to the thiA riboswitch.
3.3. Mg2+ binding to the thiA riboswitch
Since TPP binding to the thiA riboswitch is prerequisite, we
quantiﬁed Mg2+ binding to the riboswitch. Fig. 3A shows the
CD spectra of 0.2 lM thiA riboswitch in 50 mM Tris–HCl (pH
7.0) containing 10 mM NaCl and various concentrations of
MgCl2 at 20 C. A large positive peak near 265 nm did not
shift at any tested Mg2+ concentration. Therefore, the CD
intensity at 265 nm can estimate the equilibrium parameters
of Mg2+ binding to the riboswitch. Fig. 3B shows the CD
intensity of the thiA riboswitch at 265 nm in 50 mM Tris–
HCl (pH 7.0) containing 10 mM NaCl and 0–1.0 mM Mg2+
at 20 C. The data were analyzed using a model that postulatesFig. 3. (A) CD spectra of 0.2 lM thiA riboswitch in 50 mM Tris–HCl
(pH 7.0) containing 10 mM NaCl and 0–1.0 MgCl2 (from lower to
upper at 265 nm) at 20 C. (B) CD intensities of 0.2 lM thiA
riboswitch at 265 nm in 50 mM Tris–HCl (pH 7.0) containing
10 mM NaCl and various concentrations of MgCl2 at 20 C.Mg2+ binding with cooperatively to estimate the Mg2+ binding
parameters [30]. The curve ﬁt is given by
h ¼ aKaa½Mg2þa=ð1þ Kaa½Mg2þaÞ þ b; ð2Þ
where a is the scale factor, b is initial CD value, a is the Hill
coeﬃcient, and Ka is the apparent association constant of
Mg2+ binding. The estimated parameters at 10 mM Na+ were
Ka = (6.1 ± 1.7) · 103 M1 and a = 1.3 ± 0.4 at 20 C. The Hill
coeﬃcient indicated that the thiA riboswitch has at least one
Mg2+ binding site, and that Mg2+ binding is independent even
if several Mg2+ binding sites are available. Since a long RNA
molecule harbors many Mg2+ binding sites, the estimated Ka
value might represent the average of several levels of aﬃnity
for a number of RNA binding sites. On the other hand, the
Ka value of Mg
2+ binding to the thiA riboswitch was similar
to that of Mg2+ binding to A(pA)4, (3.4 · 103 M1 at 20 C)
[31] and to the anticodon loop of tRNAphe (1.2 · 103 M1 at
20 C) [10], although these Ka values are for individual ions
in simpler systems with shorter oligonucleotides. Further
investigations are required to determine the number of bound
ions and the manner of the Mg2+ binding.
We investigated the eﬀect of Mg2+ on the structure of the
thiA riboswitch using native PAGE. Fig. 4A shows native
PAGE of the thiA riboswitch in 50 mM Tris–HCl (pH 7.0)
containing 10 mMNaCl at 0 or 1 mMMgCl2 at 4 C. The thiA
riboswitch migrated almost identically at 0 and 1 mM Mg2+,
indicating that Mg2+ does not aﬀect the overall riboswitch
structure. These results are consistent with the CD spectra of
the riboswitch with various concentrations of Mg2+ (Fig.
3A), which show that the thiA riboswitch forms an A-form he-
lix with or without Mg2+. Furthermore, we investigated the ef-
fect of Mg2+ on the thermodynamics of the thiA riboswitch.
Fig. 4B shows UV melting curves of 0.2 lM thiA riboswitch
in 50 mM Tris–HCl (pH 7.0) containing 10 mM NaCl at 0
or 1 mM MgCl2 at 260 nm. The curves showed the obvious
transitions and stabilization of the thiA riboswitch structure in-
duced by 1 mM Mg2+, indicating that the thiA riboswitch
forms a speciﬁc structure regardless of Mg2+. In addition,
NMR has shown that the guanine-dependent riboswitch–
guanine complex can be formed without Mg2+, and that
2 mM Mg2+ leads to complete complex formation [32]. These
results suggest that the riboswitch folds properly regardless
of Mg2+. Thus, Mg2+ might induce a local conformational
change of the thiA riboswitch.
Both the CD intensity in the Mg2+ titration experiment (Fig.
3B) and the Ka value of TPP binding reached a maximum in
the presence of 1 mMMg2+ (Table 1). Like the various RNAs,
these results indicated that Mg2+ binding is essential to control
a structural change in the riboswitch under physiological con-
ditions because the physiological ionic strength of Mg2+ is be-
tween sub- and one millimolar [25]. Although the location of
the Mg2+ binding site to the thiA riboswitch remains unclear,
Fig. 5 illustrates the role of Mg2+ on TPP binding to the thiA
riboswitch. In this scheme, Mg2+ at a physiological concentra-
tion regulates the structural switch between two structural
states of the riboswitch, one of which can bind TPP whereas
the other cannot, indicating a sensitive riboswitch sensor of
the TPP concentration.
Finally, the relationship among the thiA riboswitch, TPP,
and Mg2+ can be compared with that of the Tetrahymena
group I ribozyme, guanosine, and Mg2+. The local structure
of the Tetrahymena group I ribozyme is rearranged by exoge-
Fig. 4. (A) Native PAGE of 0.2 lM thiA riboswitch in 50 mM Tris–HCl (pH 7.0) containing 10 mM NaCl (lane 1) or 10 mM NaCl with 1 mM
MgCl2 at 4 C. (B) UV melting curves of 0.2 lM thiA riboswitch in 50 mM Tris–HCl (pH 7.0) containing 10 mM NaCl at 0 mM MgCl2 (closed
circles) and 1 mM MgCl2 (open circles). UV melting curves were traced by absorbance at 260 nm.
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the splicing reaction [33]. During this process, the conforma-
tion might change upon binding of the oligonucleotide sub-
strate or the guanosine nucleophile, leading to tighter
binding of the second substrate [34,35]. Other studies have
shown that the two substrates are bridged by a metal ion that
coordinates both the non-bridging reactive phosphoryl oxygen
of the oligonucleotide substrate and the 2 0-OH moiety of gua-
nosine [26,36,37]. The A-rich bulge of the P4–P6 domain of the
group I ribozyme provides a platform for the inner sphere
binding of Mg2+ ions [38]. An A-rich region is also located be-
tween P2 and P4 of the thiA riboswitch, and this might be the
active center of the TPP-dependent riboswitches (Figs. 1 and 5)Fig. 5. Schematic illustration of TPP binding to thiA riboswitch RNA
induced by Mg2+. Physiological concentrations of Mg2+ (0.2–1 mM)
can control TPP binding. Thick line and square between P2 and P4
represent A-rich region and adenine nucleotide, respectively, which
could form a platform for Mg2+ binding.[15]. Furthermore, we found that a point mutation from ade-
nine to guanine around the A-rich region signiﬁcantly reduces
the down regulation of gene expression by the thiA riboswitch
[18]. These ﬁndings indicate that the role of Mg2+ on the TPP-
dependent riboswitch might be similar to that of group I ribo-
zymes, the function of which is splicing without protein
support. Thus, we postulate that Mg2+ binding regulates the
function of the thiA riboswitch by controlling a structural
switch of the TPP binding site like that in the group I ribo-
zymes, although extensive analysis of the roles of Mg2+ on
splicing of the thiA riboswitch is required to conﬁrm this
notion.4. Conclusion
The present ﬁndings demonstrated two notable points in the
roles of Mg2+ on the eukaryotic thiA riboswitch. Firstly, 1 mM
Mg2+ is suﬃcient to stabilize the active tertiary structure of the
thiA riboswitch that is not induced by a high concentration of
monovalent cations. Secondly, Mg2+ binding to the thiA ribo-
switch can control interactions between the thiA riboswitch
and TPP. Our results indicated that Mg2+ is as important for
the structure of the thiA riboswitch as it is for that of other
functional RNAs such as group I ribozymes. Therefore, the
function of riboswitches could be controlled not only by
metabolites but also by the Mg2+ concentration under physio-
logical conditions.
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